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ABSTRACT
To improve our understanding of high-z galaxies we study the impact of H2 chemistry
on their evolution, morphology and observed properties. We compare two zoom-in
high-resolution (30 pc) simulations of prototypical M? ∼ 1010M galaxies at z = 6.
The first, “Dahlia”, adopts an equilibrium model for H2 formation, while the sec-
ond, “Althæa”, features an improved non-equilibrium chemistry network. The star
formation rate (SFR) of the two galaxies is similar (within 50%), and increases with
time reaching values close to 100 M yr−1 at z = 6. They both have SFR-stellar mass
relation consistent with observations, and a specific SFR of ' 5 Gyr−1. The main
differences arise in the gas properties. The non-equilibrium chemistry determines the
H→ H2 transition to occur at densities > 300 cm−3, i.e. about 10 times larger than
predicted by the equilibrium model used for Dahlia. As a result, Althæa features a
more clumpy and fragmented morphology, in turn making SN feedback more effective.
Also, because of the lower density and weaker feedback, Dahlia sits 3σ away from the
Schmidt-Kennicutt relation; Althæa, instead nicely agrees with observations. The dif-
ferent gas properties result in widely different observables. Althæa outshines Dahlia
by a factor of 7 (15) in [C II] 157.74µm (H2 17.03µm) line emission. Yet, Althæa
is under-luminous with respect to the locally observed [C II]-SFR relation. Whether
this relation does not apply at high-z or the line luminosity is reduced by CMB and
metallicity effects remains as an open question.
Key words: galaxies: high-redshift, formation, evolution, ISM – infrared: general –
methods: numerical
1 INTRODUCTION
Understanding the properties of the interstellar medium
(ISM) of primeval galaxies is a fundamental challenge of
physical cosmology. The high sensitivity/spatial resolution
allowed by current observations have dramatically improved
our understanding of the ISM of local and moderate red-
shift (z = 2− 3) galaxies (Osterbrock 1989; Stasin´ska 2007;
Pe´rez-Montero 2017; Stanway 2017). We now have a clearer
picture of the gas phases and thermodynamics (Daddi et al.
2010a; Carilli & Walter 2013), particularly for what concerns
? andrea.pallottini@centrofermi.it; ap926@mrao.cam.ac.uk
the molecular component, representing the stellar birth en-
vironment (Klessen & Glover 2014; Krumholz 2015).
For galaxies located in the Epoch of Reionization (EoR,
5 <∼ z <∼ 15) optical/near infrared (IR) surveys have been
very successful in their identification and characterization in
terms of stellar mass and star formation rate (Dunlop 2013;
Madau & Dickinson 2014; Bouwens et al. 2015). However,
only recently we have started to probe the internal struc-
ture of such objects. With the advent of the Atacama Large
Millimeter/Submillmeter Array (ALMA) it is now possible
to access the far infrared (FIR) band at high-z with an un-
precedented resolution and sensitivity. Excitingly, this en-
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ables for the first time studies of ISM energetics, structure
and composition in such pristine objects.
Since C II is one of the major coolant of the ISM,
[C II] ALMA detections (and upper limits) have so far
mostly used this line for the above purposes (Maiolino et al.
2015; Willott et al. 2015; Capak et al. 2015) and to de-
termine the sizes of early galaxies (Fujimoto et al. 2017).
Line emission from different species (e.g. [O III]) have been
used to derive the interstellar radiation field (ISRF) inten-
sity (Inoue et al. 2016; Carniani et al. 2017), while contin-
uum detections give us a measure of the dust content and
properties (Watson et al. 2015; Laporte et al. 2017). Fi-
nally, some observations are beginning to resolve different
ISM components and their dynamics by detecting spatial
offsets and kinematic shifts between different emission lines,
i.e. [C II] and optical-ultraviolet (UV) emission (Maiolino
et al. 2015; Capak et al. 2015), [C II] and Lyα (Pentericci
et al. 2016; Bradac et al. 2017) and [C II] and [O III] (Car-
niani et al. 2017).
In spite of these progresses, several pressing questions
remain unanswered. A partial list includes: (a) What is the
chemical composition and thermodynamic state of the ISM
in high-z galaxies? (b) How does the molecular gas turns into
stars and regulate the evolution of these systems? (c) What
are the optimal observational strategies to better constrain
the properties of these primeval objects?
Theoretically, cosmological numerical simulations have
been used to attack some of these problems. The key idea
is to produce a coherent physical framework within which
the observed properties can be understood. Such learning
strategy is also of fundamental importance to devise effi-
cient observations from current (e.g. HST/ALMA), planned
(JWST) and proposed (SPICA) instruments. Before this
strategy can be implemented, though, it is necessary to de-
velop reliable numerical schemes catching all the relevant
physical processes. While the overall performances of the
most widely used schemes have been extensively bench-
marked (Scannapieco et al. 2012; Kim et al. 2014, 2016),
high-resolution simulations of galaxy formation introduce a
new challenge: they are very sensitive to the implemented
physical models, particularly those acting on small scales.
Among these, the role of feedback, i.e. how stars affect
their own formation history via energy injection in the sur-
rounding gas by supernova (SN) explosions, stellar winds
and radiation, is far from being completely understood, de-
spite considerable efforts to improve its modeling (Agertz &
Kravtsov 2015; Martizzi et al. 2015) and understand its con-
sequences on high-z galaxy evolution (Ceverino et al. 2014;
O’Shea et al. 2015; Barai et al. 2015; Pallottini et al. 2017;
Fiacconi et al. 2017; Hopkins et al. 2017).
Additionally, we are still lacking a completely self-
consistent treatment of radiation transfer. This is an area
in which intensive work is ongoing in terms of faster numer-
ical schemes (Wise et al. 2012; Rosdahl et al. 2015; Katz
et al. 2016), or improved physical modelling (Petkova &
Maio 2012; Roskar et al. 2014; Maio et al. 2016).
A third aspect has received comparatively less attention
so far in high-z galaxy formation studies, i.e. the implemen-
tation of adequate chemical networks. While various mod-
els have been proposed and tested (Krumholz et al. 2009;
Bovino et al. 2016; Grassi et al. 2017), the galaxy-scale con-
sequences of the different prescriptions are still largely unex-
plored (Tomassetti et al. 2015; Maio & Tescari 2015; Smith
et al. 2017). Besides, there is no clear consensus on a mini-
mal set of physical ingredients required to produce reliable
simulations.
The purpose of this paper is to analyze the impact of
H2 chemistry on the internal structure of high-z galaxies.
To this aim, we simulate two prototypical M? ' 1010M
Lyman Break Galaxies (LBG) at z = 6, named “Dahlia”
and “Althæa”, respectively. The two simulations differ for
the H2 formation implementation, equilibrium vs. non-
equilibrium. We show how chemistry has a strong impact
on the observed properties of early galaxies.
The paper is organized as follows. In Sec. 2 we de-
scribe the two simulations highlighting common features
(Sec. 2.1), separately discussing the different chemical mod-
els used for Dahlia (Sec. 2.2) and Althæa (Sec. 2.3). Results
are presented as follow. First we perform a benchmark of
the chemical models (Sec. 2.4), and compare the star for-
mation and feedback history of the two galaxies (Sec. 3.1).
Next, we characterize their differences in terms of morphol-
ogy (Sec. 3.2), thermodynamical state of the ISM (Sec. 3.3),
and predicted [C II] and H2 (Sec. 4) emission line properties.
Our conclusions are summarized in Sec. 5.
2 NUMERICAL SIMULATIONS
To assess the impact of H2 chemistry on the internal struc-
ture of high-z galaxies, we compare two zoom-in simulations
adopting different chemical models. Both simulations follow
the evolution of a prototypical z = 6 LBG galaxy hosted
by a Mh ' 1011M dark matter (DM) halo (virial radius
rvir ' 15 kpc).
The first simulation has been presented in Pallottini
et al. (2017, hereafter P17). The targeted galaxy (which in-
cludes also about 10 satellites) is called “Dahlia” (see also
Gallerani et al. 2016, for analysis of its infall/outflow struc-
ture). In such previous work we showed that Dahlia’s specific
SFR (sSFR) is in agreement with both analytical calcula-
tions (Behroozi et al. 2013), and with z = 7 observations
(Gonza´lez et al. 2010, see also Sec. 3.1).
In the second, new simulation we follow the evolution of
“Althæa”, by using improved thermo-chemistry, but keeping
everything else (initial conditions, resolution, star formation
and feedback prescriptions) unchanged with respect to the
Dahlia simulation. We describe the implementation of these
common processes in the following Section. Next we describe
separately the chemical model used for Dahlia (Sec. 2.2) and
Althæa (Sec. 2.3).
2.1 Common physical models
Both simulations are performed with a customized version
of the Adaptive Mesh Refinement (AMR) code ramses
(Teyssier 2002). Starting from cosmological IC1 generated
1 We assume cosmological parameters compatible with Planck
results: ΛCDM model with total matter, vacuum and baryonic
densities in units of the critical density ΩΛ = 0.692, Ωm = 0.308,
Ωb = 0.0481, Hubble constant H0 = 100 h km s
−1 Mpc−1 with
h = 0.678, spectral index n = 0.967, σ8 = 0.826 (Planck Collab-
oration et al. 2014).
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with music (Hahn & Abel 2011), we zoom-in the z ' 6 DM
halo hosting the targeted galaxy. The total simulation vol-
ume is (20 Mpc/h)3 that is evolved with a base grid with
8 levels (gas mass 6 × 106M); the zoom-in region has a
volume of (2.1 Mpc/h)3 and is resolved with 3 additional
level of refinement, thus yielding a gas mass resolution of
mb = 1.2× 104M. In such region, we allow for 6 additional
level of refinement, that allow to follow the evolution of the
gas down to scales of lcell ' 30 pc at z = 6, i.e. the refined
cells have mass and size typical of Galactic molecular clouds
(MC, e.g. Federrath & Klessen 2013). The refinement is per-
formed with a Lagrangian mass threshold-based criterion. ,
i.e. a cell is refined if its total (DM+baryonic) mass exceed
the the mass resolution by a factor 8.
Metallicity (Z) is followed as the sum of heavy elements,
assumed to have solar abundance ratios (Asplund et al.
2009). We impose an initial metallicity floor Zfloor = 10
−3Z
since at z >∼ 40 our resolution is still insufficient to catch
the metal enrichment by the first stars (e.g. O’Shea et al.
2015). Such floor is compatible with the metallicity found at
high-z in cosmological simulations for diffuse enriched gas
(Dave´ et al. 2011; Pallottini et al. 2014a; Maio & Tescari
2015); it only marginally affects the gas cooling time.
Dust evolution is not explicitly tracked during sim-
ulations. However, we make the simple assumption that
the dust-to-gas mass ratio scales with metallicity, i.e. D =
D(Z/Z), where D/Z = 0.3 for the Milky Way (MW,
e.g. Hirashita & Ferrara 2002; Asano et al. 2013.
2.1.1 Star formation
Stars form according to a linearly H2-dependent Schmidt-
Kennicutt relation (Schmidt 1959; Kennicutt 1998) i.e.
ρ˙? = ζsffH2
ρ
tff
, (1)
where ρ˙? is the local SF rate density, ζsf the SF efficiency,
fH2 the H2 mass fraction, and ρ = µmpn is density of the
gas of mean molecular weight µ. Eq. 1 is solved stochasti-
cally, by drawing the mass of the new star particles from
a Poisson distribution (Rasera & Teyssier 2006; Dubois &
Teyssier 2008; Pallottini et al. 2014a). In detail, in a star
formation event we create a star particle with mass Nmb,
with N an integer drawn from
P (N) =
〈N〉
N !
exp−〈N〉 , (2)
where the mean of the Poisson distribution is
〈N〉 = fH2ρl
3
cell
mb
ζsfδt
tff
, (3)
with δt the simulation time step. For numerical stability,
no more than half of the cell mass is allowed to turn into
stars. Since we prevent formation of star particle with mass
less then mb, cells with density less then ∼ 15 cm−3 (for
lcell ' 30 pc) are not allowed to form stars.
We set ζsf = 0.1, in accordance with the average val-
ues inferred from MC observations (Murray 2011, see also
Agertz et al. 2013); fH2 depends on the adopted thermo-
chemical model, as described later in Sec. 2.2 and Sec. 2.3.
2.1.2 Feedback
Similarly to Kim et al. (2014), we account for stellar energy
inputs and chemical yields that depend both on time and
stellar populations by using starburst99 (Leitherer et al.
1999). Stellar tracks are taken from the padova (Bertelli
et al. 1994) library with stellar metallicities in the range
0.02 6 Z?/Z 6 1, and we assume a Kroupa (2001) initial
mass function. Stellar feedback includes SNs, winds from
massive stars and radiation pressure (Agertz et al. 2013).
We model the thermal and turbulent energy content of the
gas according to the prescriptions by Agertz & Kravtsov
(2015). The turbulent (or non-thermal) energy is dissipated
as e˙nth = −enth/tdiss (Teyssier et al. 2013, see eq. 2), where,
following Mac Low (1999), the dissipation time scale can be
written as
tdiss = 9.785
(
lcell
100 pc
)( σturb
10 km s−1
)−1
Myr , (4)
where σturb is the turbulent velocity dispersion. Adopting
the SN blastwave models and OB/AGB stellar winds from
Ostriker & McKee (1988) and Weaver et al. (1977), respec-
tively, we account for the dissipation of energy in MCs as
detailed in Sec. 2.4 and App. A of P17.
2.2 Dahlia: equilibrium thermo-chemistry
In the Dahlia simulation we compute fH2 by adopting the
KTM09 analytical prescription (Krumholz et al. 2008, 2009;
McKee & Krumholz 2010). In KTM09, the H2 abundance is
derived by modelling the radiative transfer on an idealized
MC and by assuming equilibrium between H2 formation on
dust grains and dissociation rates. For each gas cell, fH2 can
then be written as a function of n, Z and hydrogen column
density (NH). By further assuming pressure equilibrium be-
tween CNM and WNM (Krumholz et al. 2009), fH2 turns
out to be independent on the intensity of the ISRF, and can
be written as
fH2 = [1− 0.75 s/(1 + 0.25 s)] Θ(2− s) , (5a)
with
s = ln
(
1 + 0.6χ+ 0.01χ2
)
/(0.6 τUV) (5b)
χ = 0.75
[
1 + 3.1 (Z/Z)
0.365] , (5c)
and where Θ is the Heaviside function; τUV is the dust UV
optical depth and it can be calculated by linearly rescaling
the MW value,
τUV =
(
NH
1.6× 1021cm−2
)( D
D
)
. (6)
In Dahlia cooling/heating rates are computed using
grackle 2.12 (Bryan et al. 2014). We use a H and
He primordial network, and tabulated metal cooling/photo-
heating rates from cloudy (Ferland et al. 2013). Inverse
Compton cooling is also present, and we consider heating
from a redshift-dependent ionizing UV background (UVB,
Haardt & Madau 2012). Since H2 is not explicitly included
in the network, we do not include the corresponding cooling
contribution.
2 https://grackle.readthedocs.org/
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2.3 Althæa: non-equilibrium thermo-chemistry
In Althæa we implement a non-equilibrium chemical net-
work by using krome3 (Grassi et al. 2014). Given a set of
species and their reactions, krome can generate the code
needed to solve the system of coupled ordinary differential
equations that describe the gas thermo-chemical evolution.
2.3.1 Chemical network
Similarly to Bovino et al. (2016, hereafter B16), our network
includes H, H+, H−, He, He+, He++, H2, H+2 and electrons.
Metal species are not followed individually in the network,
as for instance done in Model IV from B16; therefore, we
use an equilibrium metal line cooling calculated via cloudy
tables4. The adopted network contains a total of 37 reac-
tions, including photo-chemistry (Sec. 2.3.2), dust processes
(Sec. 2.3.3) and cosmic rays (CR, Sec. 2.3.4). The reactions,
their rates, and corresponding references are listed in App.
B of B16: specifically we use reactions from 1 to 31 (Tab.
B.1 in B16), 53, 54, and from 58 to 61 (Tab. B.2 in B16).
2.3.2 Photo-chemistry
Photo-chemistry cross sections are taken from Verner & Fer-
land (1996) and by using the SWRI5 and Leiden6 databases.
In the present simulation, the ISRF is not evolved self-
consistently and it is approximated as follows. For the spec-
tral energy density (SED), we assume a MW like spectrum
(Black 1987; Draine 1978), and we specify the SED using 10
energy bins from 0.75 eV to 14.16 eV. Beyond 13.6 eV the
flux drops to zero, i.e. we do not include ionizing radiation.
We consider a spatially uniform ISRF whose intensity
is rescaled with the SFR such that G = G0(SFR/M yr−1),
where G0 = 1.6 × 10−3erg cm−2 s−1 is the far UV (FUV)
flux in the Habing band (6 − 13.6 eV) normalized to the
average MW value (Habing 1968). Because of their sub-kpc
sizes (Shibuya et al. 2015, Fujimoto et al. 2017) high G0
values are expected in typical LBG at z ' 6, as inferred
also by Carniani et al. (2017). A similar situation is seen
in some local dwarf galaxies (Cormier et al. 2015) that are
generally considered as local counterparts of high-z galaxies.
It is worth noting that the spatial variation of G is very
small in the MW, with an r.m.s. value ' 3G0 (Habing 1968;
Wolfire et al. 2003). Nonetheless, spatial fluctuations of the
ISRF, if present, might play some role in the evolution of
high-z galaxies (e.g. Katz et al. 2016). We will analyze this
effect in future work.
3 https://bitbucket.org/tgrassi/krome
4 As a caveat, we point out that there is a formal inconsistency
in the modelling. Metal line cooling tables are usually calculated
with cloudy by assuming a Haardt & Madau (2012) UV back-
ground, while the ISRF spectral energy density we adopt is MW-
like. To remove such inconsistency one should explicitly track
metal species, adopt a non-equilibrium metal line cooling and in-
clude radiative transfer. As noted in B16 (see their Fig. 16), using
non-equilibrium metal line cooling can typically change the cool-
ing function by a factor <∼ 2. This will be addressed in future
work.
5 http://phidrates.space.swri.edu.
6 http://home.strw.leidenuniv.nl/~ewine/photo/.
On top of the ISRF, we consider the cosmic microwave
background (CMB), that effectively sets a temperature floor
for the gas. Additionally, we neglect the cosmic UVB, since
the typical ISM densities are sufficiently large to ensure an
efficient self-shielding (e.g. Gnedin 2010). For example, Rah-
mati et al. (2013) have shown that at z ' 5 the hydrogen
ionization due to the UVB is negligible for n >∼ 10−2cm−3,
the typical density of diffuse ISM. The self-shielding of H2 to
photo-dissociation is accounted by using the Richings et al.
(2014) prescription7, thus in each gas cell the shielding can
be expressed as an analytical function of its H2 column den-
sity, temperature and turbulence (cfr. with Wolcott-Green
et al. 2011).
2.3.3 Dust processes
As for Dahlia, the dust mass is proportional to the metal
mass. Here we also specify the dust size distribution to be
the one appropriate for high-z galaxies, the Small Magellanic
Cloud one, following Weingartner & Draine (2001). Dust
grains can affect the chemistry through cooling8 (Hollen-
bach & McKee 1979), photoelectric-heating (Bakes & Tie-
lens 1994), and by mediating the formation of molecules
(Cazaux & Spaans 2009). In particular, the formation rate
of H2 on dust grains is approximated following Jura (1975)
RH2−dust = 3× 10−17nnH(D/D) cm−3 s−1 , (7)
where nH is the hydrogen density. Note that forD >∼ 10−2D
this dust channel is dominant with respect to gas-phase for-
mation (e.g. reactions 6–7 and 9–10 B.1 in B16).
2.3.4 Cosmic rays
CR ionization can become important in regions shielded
from radiation, like MC interiors. We assume a CR hydrogen
ionization rate ∝ SFR (Valle et al. 2002) and normalized to
the MW value (Webber 1998):
ζcr = 3× 10−17(SFR/M yr−1) s−1. (8)
The rate ζcr includes the flux of CR and secondary electrons
(Richings et al. 2014). In the network, CR ionizations are
proportional to ζcr and to coupling constants that depend
on the specific ions; such couplings are taken from the kida
database (Wakelam et al. 2012). Additionally we account
for Coulomb heating, by assuming that every CR ionization
releases an energy9 of 20 eV.
2.3.5 Initial abundances of the species
Finally, following Galli & Palla (1998), we calculate IC for
the various species by accounting for the primordial chem-
7 The self-shielding formulation by Richings et al. (2014) does
not account for a directional dependence as done in more compu-
tationally costly models (Hartwig et al. 2015).
8 Dust cooling is not included in the current model, as it gives
only a minor contribution for n < 104cm−3, i.e. see Fig. 3 in B16.
9 For a more accurate treatment of Coulomb heating refer to
Glassgold et al. (2012).
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istry10 at z >∼ 100, for a density and temperature evolution
corresponding to gas at the mean cosmic density.
2.4 Benchmark of H2 formation models
As a benchmark for our simulations, we compare the forma-
tion of H2 in different physical environments. For the Dahlia
KTM09 model we compute fH2 from eq. 5 as a function of
n and Z. We choose an expression for NH = n lcellµ ∝ n2/3
resulting from the mass threshold-based AMR refinement
criterion for which lcell ∝ n−1/3. We restate that the equi-
librium KTM09 model is independent on G and the gas
temperature T .
For the Althæa B16 model we use krome to perform
single-zone tests varying n,Z and G. In this case we as-
sume an initial temperature11 T = 5× 103K, and we let the
gas patch evolve at constant density until thermo-chemical
equilibrium is reached. This typically takes 100 Myr.
The comparison between the two models is shown in
Fig. 1 as a function of n for different metallicities. For G > 0
and Z < Z, H2 formation is hindered in B16 with respect
to KTM09, i.e. higher n are needed to reach similar fH2 frac-
tions. For G = G0 and Z = Z the two models are roughly
in agreement: this is expected since KTM09 is calibrated on
the MW environment. Finally, for G > 0 and at Z = 10−3Z
(the metallicity floor in our simulation set) the H2 formation
in the B16 model is strongly suppressed, e.g. fH2 ' 10−3 for
n ' 103cm−3. Note that these fractions are comparable to
the ones expected for H2 formation in a pristine environment
where H2 formation proceeds via gas-phase reactions.
As noted in P17, Dahlia’s star formation (SF) model
(eqs 1 and 5) is roughly equivalent to a density threshold
criterion with metallicity-dependent critical density nc '
26.45 (Z/Z)−0.87cm−3. Physically this corresponds to the
density at which fH2 > 0.5 (see also Agertz et al. 2013).
Thus, Fig. 1 quantifies the density threshold required to
spawn stars in the simulation.
Dahlia forms stars in gas with n ' 30 cm−3 and
Z ' 0.5 Z at a rate of about 102M yr−1 at z = 6. If
Althæa has a similar SFR history (this is checked a pos-
teriori, see Fig. 2), the resulting metallicity and ISRF in-
tensity (G ' 102G0) should also be similar. Then, by in-
specting Fig. 1 (middle-left panel) one can conclude that
Althæa forms stars in much denser environments where
n > nc ' 263 (Z/Z)−1.19cm−3 for G = 102G0. As noted
in Hopkins et al. (2013), although variations in the density
threshold lead to similar total SFR, they might severely af-
fect the galaxy morphology. We will return to this point in
the next Section.
We remind that in both simulation we use the cell ra-
dius to calculate column density, that are used e.g. to cal-
culate the gas self-shielding. This is done to mainly to en-
sure a fair comparison between the two simulations. In other
simulations, e.g. MC illuminated by an external radiation
10 For a possible implementation of the Galli & Palla (1998)
chemical network see the “earlyUniverse” test contained in
krome.
11 The initial temperature corresponds to the virial temperature
of the first star-forming halos present in the zoomed region. The
results depend very weakly on this assumption.
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Figure 1. Benchmark of the formation of H2 for the model used
in Dahlia (KTM09, Sec. 2.2) and in Althæa (B16, Sec. 2.3). In
each panel we plot the H2 mass fraction fH2 as a function of
density (n), with different panels showing the results for different
metallicities (Z). In each panels the dashed grey line indicates
the KTM09 model, while the B16 models are plotted with solid
lines, with different colours indicating a different impinging ISRF
flux (G). In the upper axis we indicate the free-fall times (tff)
corresponding to n.
field, the prescriptions adopted accounts for the contribu-
tion of column density from nearby cells, i.e. by using Jeans
or Sobolev-like length (see e.g. Hartwig et al. 2015 for a
comparison between different prescriptions). However in our
simulation we expect stars to be very close or embedded
in potential star forming regions. Using the contribution to
the column density from the surrounding gas would then
overestimate the self-shielding effect. Such modelling uncer-
tainty would be solved by including radiative transfer in
the simulation. However, we note that at z=6 the radius
of our cells as a function of density can be approximated
as rcell = 154.1 (n/cm
−3)−1/3pc, while the jeans length is
lJ = 15.6 (n/cm
−3)−1/2(T/K)1/2pc. Thus for typical values
found for the molecular gas in Althaea (n ' 300 cm−3 and
T ' 100 K, see later Fig. 8), the two prescriptions gives
similar results, i.e. rcell ∼ 20 pc and lJ ∼ 10 pc.
3 RESULTS
We now turn to a detailed analysis of the two zoomed galax-
ies, Dahlia and Althæa12. We start by studying the star for-
mation and the build-up of the stellar mass from z ' 15 to
z = 6 (Sec. 3.1). We then specialize at z = 6 to inspect the
galaxy morphology (Sec. 3.2), the ISM multiphase structure
(Sec. 3.3) and the predicted observable properties (Sec. 4).
An overall summary of the properties of the two galaxies is
given in Tab. 1.
12 We refrain from the analysis of the satellite population of the
two galaxies due to the oversimplifying assumption of a spatially
uniform ISRF artificially suppressing star formation in environ-
ments with metallicity close to the floor value Zfloor = 10
−3Z.
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Figure 2. Star formation rate (SFR) as a function of galaxy age
(t?) for Dahlia (black line and hatched region) and Althæa (or-
ange line and transparent region). Also shown (grey dashed line)
is an analytical approximation (within a factor 2 for both galax-
ies) to the average SFR trend. The redshift (z) corresponding to
t? is plotted on the upper axis, and note that t? = 0 corresponds
to the first stellar formation event in Dahlia, and the plotted SFRs
are averaged over 4 Myr.
Figure 3. SFR vs stellar mass (M?) for Althæa (circles) and
Dahlia (squares), with symbols coloured accordingly to the age
t?. With crosses we overplot SFR and M? inferred from 27 galax-
ies observed at z ' 6 by J16. Following J16 analysis14, galaxies
identified as young and old are plotted in blue and red, respec-
tively. To guide the eye, the linear correlation between the data
sets are also shown with a dashed lines. See the text for more
details.
3.1 Star formation history
In Fig. 2 we plot the SFR history as a function of “galaxy
age” (t?) for Dahlia and Althæa; t? = 0 marks the first
star formation event in Dahlia13. For both Dahlia and Al-
13 Note that even with the same modelling and IC, differences
in the SFR may arise as a result of stochasticity in the star for-
mation prescription eq. 1. Such differences vanish once the SFR
thæa the SFR has an increasing trend which can be ap-
proximated with good accuracy (within a factor of 2) as
SFR = 1.5 log(t?/(30 Myr)). However, on average the SFR
in Dahlia is larger by a factor ' 1.5 ± 0.6 when averaged
over the entire SFR history (' 700 Myr). Thus, in spite of
very different chemical prescriptions, the SFR in the two
galaxies shows very little variation. Stated differently, the
higher critical density for star formation arising from non-
equilibrium chemistry does not alter significantly the rate at
which stars form, as already noticed in Sec. 2.4. This also
entails a comparable metallicity, and we note that in both
galaxy most of the metal mass is locked in stars (see Tab. 1),
as they are typically formed from the most enriched regions.
It is interesting to check the evolutionary paths of
Dahlia and Althæa (Fig. 3) in the standard SFR vs. stel-
lar mass (M?) diagram, and compare them with data
14 in-
ferred from z ' 6 observations of 27 Lyman Alpha Emitters
(LAE) and LBGs (Jiang et al. 2016, hereafter J16). By us-
ing multi-band data, precise redshift determinations, and
an estimate of nebular emission from Lyα, J16 were able
to distinguish between a young (t? <∼ 30 Myr) and an old
(t? >∼ 100 Myr) subsample. Each subsample exhibits a lin-
ear correlation in log SFR − logM∗, albeit with a different
normalization: the young (old) subsample has a sSFR =
SFR/M? = 39.7 Gyr
−1(4.1 Gyr−1).
The SFR vs stellar mass of our simulated galaxies for
M? <∼ 108.5M (t? <∼ 100 Myr) is fairly consistent with the
young subsample relation (keeping in mind stochasticity ef-
fects at low stellar masses). At later evolutionary stages
(t? >∼ 300 Myr or M? >∼ 109.5M), Dahlia and Althæa nicely
shift to the lower sSFR values characterizing the old J16
subsample data. This shift must be understood as a result
of increasing stellar feedback: as galaxies grow, the larger en-
ergy input from the accumulated stellar populations hinders
subsequent SFR events. Note that at late times (t? >∼ 300
Myr), when M? = 5× 109M, the sSFRs of Dahlia and Al-
thæa are in agreement with analytical results by Behroozi
et al. (2013), and with z = 7 observations by Gonza´lez et al.
(2010).
As feedback clearly plays a major role in the overall evo-
lution of early galaxies, we turn to a more in-depth analysis
of its energetics. This can be quantified in terms of the stel-
lar energy deposition rates in mechanical (SN explosions +
OB/AGB winds15, E˙sn+w) and radiative (E˙rad) forms. These
are shown as a function of time in Fig. 4. The E˙sn+w/E˙rad
ratio shows short-term (' 20 Myr) fluctuations correspond-
ing to coherent burst of star formation/SN activity.
Barring this time modulation, on average the mechani-
cal/radiative energy ratio increases up to ' 250 Myr, when
it suddenly drops and reaches an equilibrium value. This
implies that radiation pressure dominates the energy input;
consequently it represents the major factor in quenching star
formation. While this is true throughout the evolution, it
becomes even more evident after ' 250 Myr, when the first
is averaged on timescales longer than the typical free-fall time of
the star forming gas.
14 SFR and M? have been derived by assuming an exponentially
increasing SFR, consistent with the history of both our simulated
galaxies (Fig. 2).
15 On average OB/AGB winds account only for <∼ 10% of the
SN power.
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Property Symbol Dahlia Althæa [units]
Star formation rate SFR 156.19 136.50 M/yr
Specific SFR sSFR 4.45 5.23 Gyr−1
Stellar mass M? 3.51 2.61 1010M
Metal mass in stars MZ? 8.20 5.87 10
8M
Gas mass Mg 1.23 2.72 109M
H2 mass MH2 17.01 4.76 10
7M
Metal mass MZ 1.41 2.48 10
7M
Disk radius rd 610 504 pc
Disk scale height H 224 191 pc
Gas density 〈n〉 23.89 164.41 cm−3
H2 density 〈nH2〉 6.62 4.95 cm−3
Metallicity 〈Z〉 0.57 0.46 Z
Gas surface density 〈Σ〉 37.89 222.02 M/pc2
Star formation surface density 〈Σ˙?〉 0.40 0.83 M/pc2/Myr
Luminosity [C II] 157.74µm LCII 3.39 21.08 10
7L
Luminosity H2 17.03µm LH2 2.31 33.24 10
5L
Table 1. Physical properties of Dahlia and Althæa at z = 6. The values refer to gas and stars within 2.5 kpc from the galaxy center
(similar to the field of view in Fig.s 5 and 11). The effective radius, rd, and gas scale height, H, are calculated from the principal
component analysis of the density field. Values for n, nH2, Z, Σ, and Σ˙? represent mass-weighted averages.
Figure 4. Ratio of mechanical (E˙sn+w) and radiative (E˙rad)
energy deposition rates by stars as a function of galaxy age
(t?) for Dahlia (black line/hatched area) and Althæa (or-
ange/transparent). Dashed lines indicate the ' 700 Myr time-
averaged mean of the ratios for each galaxy. To guide the eye we
plot the unity value (dotted grey line). Similar to Fig. 2 the ra-
tios are averaged over 4 Myr. The upper horizontal axis indicates
redshift.
stellar populations with Z? >∼ 10−1Z enter the AGB phase.
At that time, winds from AGBs enrich their surroundings
with metals and dust. As dust produced by AGBs remains
more confined than SN dust around the production region,
it provides a higher opacity, thus boosting radiation pressure
via a more efficient dust-gas coupling (see also P17).
For Dahlia the radiative energy input rate is about 20
times larger than the mechanical one, while for Althæa such
ratio is on average 8 times higher, although larger fluctua-
tions are present. The latter are caused by the occurrence of
more frequent and powerful bursts of SN events in Althæa.
Why does this happen?
The answer has to do with the different gas morphol-
ogy. As already noted discussing Fig. 1, the higher critical
density for star formation imposed by non-equilibrium chem-
istry has a number of consequences: (a) each formation event
can produce a star cluster with an higher mass; (b) star for-
mation is more likely hosted in isolated high density clumps
(see later, particularly Fig. 6); (c) in a clumpier disk, SN
explosions can easily break into more diffuse regions. The
combination of (a) and (b) increases the probability of spa-
tially coherent explosions having a stronger impact on the
surrounding gas; due to (c), the blastwaves suffer highly re-
duced radiative losses (Gatto et al. 2015), and affect larger
volumes. Similar effects have been also noted in the con-
text of single giant MCs (∼ 106M), where unless the SNs
explode coherently, their energy is quickly radiated away be-
cause of the very high gas densities (Rey-Raposo et al. 2017).
For the reminder of the work we focus on z = 6, when the
galaxies have an age of t? ' 700 Myr.
3.2 Galaxy morphology
Dahlia and Althæa sit at the centre of a cosmic web knot
and accrete mass from the intergalactic medium mainly via
3 filaments of length ' 100 kpc. In both simulations, the
large scale structure is similar, and we refer the reader to
Sec. 3.1 of P17 for its analysis. Differences between the sim-
ulation are expected to arise on the ISM scale, whose struc-
ture is visible on ' 7 kpc scales. In Fig. 5 we show the gas
density, temperature, and H2 density (nH2 = fH2 nµ) fields
for Dahlia and Althæa. The map16 centers coincide with
Dahlia’s stellar center-of-mass.
16 The maps of this work are rendered by using a customized
version of pymses (Labadens et al. 2012), a visualization software
that implements optimized techniques for the AMR of ramses.
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Figure 5. (Caption next page.)
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Figure 5. (Previous page.) Face-on maps16 of Dahlia (left panels) and Althæa (right) at age t? ' 700 Myr (z = 6). Shown are line-of-sigh
mass weighted average of the gas density (upper panels), temperature (middle), and H2 density (lower) fields with amplitude given by
the colorbar. The maps are 6.31 kpc on a side.
Figure 6. Morphological comparison of the molecular gas at
z = 6. In the four panels we plot the Minkowsky functionals
(V0, V1, V2, V3) of the H2 density field (nH2/cm
−3). Function-
als are plotted with black line and hatched regions for Dahlia,
with orange line and transparent region for Althæa. Note that
Minkowsky functionals are indicated in comoving units. For de-
tail on the calculation of the Minkowsky functional see App. A
(in particular see Fig. A1).
3.2.1 Overview
Qualitatively, both galaxies show a clearly defined, albeit
somewhat perturbed, spiral disk of radius ' 0.5 kpc, em-
bedded in a lower density (n ' 0.1 cm−3) medium. How-
ever the mean disk gas density for Dahlia is 〈n〉 = 24 cm−3,
while for Althæa 〈n〉 = 164 cm−3 (see Tab. 1). The temper-
ature structure shows fewer differences, i.e. the inner disk
is slightly hotter for Dahlia (T ' 300 K) than for Althæa
(T ' 100 K), which features instead slightly more abundant
and extended pockets of shock-heated gas (T >∼ 106). Such
high-T regions are produced by both accretion shocks and
SN explosions. In both cases the typical H2 density is the
same, i.e. 〈nH2〉 = 5 cm−3, however, with respect to Dahlia,
Althæa shows a slightly smaller disk, that also seems more
clumpy.
To summarize, the galaxies differ by an order of magni-
tude in atomic density, but have the same molecular density.
In spite of this difference, the SFR are roughly similar. This
can be explained as follows. To first order, in our model
SFR ∝ nH2n1/2V , where V = 2pir2dH is the galaxy vol-
ume (Tab. 1). It follows that the larger density is largely
compensated by the smaller Althæa volume.
3.2.2 In-depth analysis
Fig. 5 visually illustrates the morphological differences be-
tween the two galaxies. The gas in Althæa appears clumpier
than in Dahlia. To quantify this statement we start by in-
troducing the H2 clumping factor on the smoothing scale r,
which is defined as17
C(r) = 〈n2H2〉r/〈nH2〉2r , (9)
For Dahlia C(r) decreases from 103 to 10 going from 30 pc
to 1 kpc, while for Althæa C(r) is >∼ 2 times larger on all
scales.
A more in-depth analysis can be performed using the
Minkowsky functionals (Schmalzing & Gorski 1998; Gleser
et al. 2006; Yoshiura et al. 2017, App. A) which can give
a complete description of the molecular gas morpholog-
ical structure. For a 3-dimensional field, 4 independent
Minkowsky functionals can be defined. Each of the function-
als, Vi(nH2) (i = 0, . . . , 3) characterizes a different morpho-
logical property of the excursion set with H2 density > nH2:
V0 gives the volume filling factor, V1 measures the total en-
closed surface, V2 is the mean curvature, quantifying the
sphericity/concavity of the set, and V3 estimates the Euler
characteristic (i.e. multiple isolated components vs. a single
connected one. Appendix A gives more rigorous definitions
with an illustrative application (Fig. A1).
In Fig. 6 we plot the Minkowsky functionals
(V0, V1, V2, V3) calculated for the H2 density field for Dahlia
and Althæa. The V0 functional analysis shows that Althæa is
more compact, i.e. for each nH2 value Dahlia’s excursion set
volume is larger and it plummets rapidly at large densities.
On the other hand, the set surface of Althæa is larger by
about a factor of 5, implying that this galaxy is fragmented
into multiple, disconnected components. This is confirmed
also by Althæa’s larger (10×) Euler characteristic measure,
V3, an indication of the prevalence of isolated structures.
This feature becomes more evident towards larger densities,
as expected if H2 is concentrated in molecular clouds
18.
Further, in Dahlia most of the molecular gas resides in
connected (V3 <∼ 0) disk regions, with a concave shape (V2 <
0). For Althæa there is a transition: for log(nH2/cm
−3) <∼ 1
the gas has a concave (V2 < 0), disjointed (V3 > 0), fila-
mentary structure, while for log(nH2/cm
−3) >∼ 1 the galaxy
is composed by spherical clumps (V2 > 0).
3.3 ISM thermodynamics
The thermodynamical state of the ISM can be analyzed by
studying the probability distribution function (PDF) of the
gas in the density-temperature plane, i.e. the equation of
state (EOS). In Fig. 7 we plot the mass-weighted EOS for
Dahlia and Althæa at z = 6. We include gas within 30 kpc,
or ' 2 rvir, from the galaxy center.
From the EOS we can see that in both galaxies 70% of
the gas in a photoionized state (T ∼ 104K), that in Dahlia is
17 To calculate the clumping factor, first we construct the 3D un-
igrid cube of the H2 mass field, then we smooth it with a Gaussian
kernel of scale r and finally we calculate the mass-weighted aver-
age and variance of the smoothed H2 density field.
18 V3 > 0 values at log(nH2/cm
−3) ' 1.2 in Dahlia are mainly
due to the presence of the 3 satellites/clumps outside the disk.
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Figure 7. Equation of state (EOS) of the gas within 30 kpc for Dahlia (left panel) and Althæa (right panel) at t? ' 700 Myr (z = 6).
EOS are shown as mass-weighted probability distribution function (PDF) in the density-temperature (n− T ) plane, as specified by the
colorbar. For both galaxies, the EOS projection on the n (T ) axis is additionally shown as an horizontal (vertical) inset. The 2D EOS
are normalized such that the integral on the n − T plane is unity; the projected EOS are normalized such that the sum of the bins is
equal to 100%.
Figure 8. EOS of the molecular (H2) gas for Dahlia (left panel) and Althæa (right panel) i.e. the H2 mass-weighted PDF in the n− T
plane. Notation is similar to Fig. 7, albeit a different region of n− T plane is shown.
induced by the Haardt & Madau (2012) UVB, while in Al-
thæa is mainly due to photo-electric heating on dust grains
illuminated from the uniform ISRF of intensity G. Only
' 10% of the gas is in a hot 106 K component produced
by accretion shocks and SN explosions. A relatively minor
difference descends from Althæa’s more effective mechani-
cal feedback, already noted when discussing Fig. 4: small
pockets of freshly produced very hot (> 106 K) and diffuse
(0.1 cm−3) gas are twice more abundant in Althæa, as it can
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be appreciated from a visual inspection of the temperature
maps in Fig. 5.
Fig. 7 (in particular compare the upper horizontal pan-
els) shows that the density PDF is remarkably different
in the two galaxies. In Dahlia the distribution peaks at
0.1 cm−3; Althæa instead features a bi-modal PDF with a
second, similar amplitude peak at n ' 100 cm−3. This en-
tails the fact that the dense >∼ 10 cm−3 gas is about 2 times
more abundant in the latter system. In addition, the very
dense gas (n >∼ 300 cm−3), only present in Althæa, can cool
to temperatures of 30 K, not too far from the CMB one.
The high-density part of the PDF is worth some more
insight as it describes the gas that ultimately regulates star
formation. This gas is largely in molecular form, and ac-
counts (see Tab. 1) for 1.7% (13.8%) of the total gas mass
in Dahlia (Althæa). Its H2 density-weighted distribution in
the n−T plane is reported in Fig. 8. On average, the H2 gas
in Dahlia is 10 times less dense than in Althæa as a result
of the new non-equilibrium prescription requiring higher gas
densities to reach the same fH2 fraction; at the same time
the warm (T >∼ 103K) H2 fraction drops from 20% (Dahlia)
to an almost negligible value. Clearly, the warm component
was a spurious result as (a) H2 cooling was not included,
and (b) fH2 was considered to be independent of gas tem-
perature (see eq.s 5). Note that in Althæa traces of warm
H2 are only found at large densities, in virtually metal-free
gas in which H2 production must proceed via much less effi-
cient gas-phase reactions rather than on dust surfaces. This
tiny fraction of molecular gas can survive only if densities
large enough to provide a sufficient H2 self shielding against
photodissociation are present.
Finally, the sharp EOS cutoff at n >∼ 102cm−3 in
Dahlia is caused by the density-threshold behavior mim-
icked by the enforced chemical equilibrium: above nc '
26.45 (Z/Z)−0.87cm−3 (Sec. 2.2) the gas is rapidly turned
into stars. This spurious effect disappears in Althæa, imple-
menting a full time-dependent chemical network.
4 OBSERVATIONAL PROPERTIES
As we already mentioned, the strongest impact of different
chemistry implementations is on the gas properties, and con-
sequently on ISM-related observables. In the following, we
highlight the most important among these aspects.
4.1 Schmidt-Kennicutt relation
We start by analyzing the classical Schmidt-Kennicutt (SK)
relation. This comparison should be interpreted as a consis-
tency check of the balance between SF and feedback, since in
the model we assume a SFR law that mimics a SK relation
(eq. 1).
The SK relation, in its most modern (Krumholz et al.
2012) formulation, links the SFR (Σ˙?) and total gas (Σ)
surface density per unit free-fall time, Σ˙? = 
ff
?Σ/tff . The
proportionality constant, often referred to as the efficiency
per free-fall time following eq. 1, is simply ff? = ζsffH2. Ex-
perimentally, Krumholz et al. (2012) find ff? = 0.015 (see
Krumholz 2015 for a complete review on the subject). This
result is supported also by a larger set of observations includ-
ing single MCs (Heiderman et al. 2010; Lada et al. 2010),
Figure 9. Comparison of the observed and simulated Schmidt-
Kennicutt relation expressed in terms of Σ˙? - Σ/tff . Observations
are taken from single MCs (Heiderman et al. 2010; Lada et al.
2010), local unresolved galaxies (Kennicutt 1998), and moder-
ate redshift unresolved galaxies (Bouche´ et al. 2007; Daddi et al.
2010a,b; Tacconi et al. 2010; Genzel et al. 2010); the correla-
tion (dispersion) for the observation found by Krumholz et al.
(2012, see the text for details) is plotted with a black dashed line
(grey shaded region). Dahlia and Althæa averaged value are plot-
ted with black and orange stars, respectively (see Fig. 10 for the
complete distribution in the simulated galaxies).
local unresolved galaxies (Kennicutt 1998), and moderate
redshift, unresolved galaxies (Bouche´ et al. 2007; Daddi et al.
2010a,b; Tacconi et al. 2010; Genzel et al. 2010). The SK re-
lation is shown in Fig. 9, along with the location of Dahlia
and Althæa at z = 6.
Dahlia appears to be over-forming stars with respect to
its gas mass, and therefore it is located about 3σ above the
KS relation. As Althæa needs about 10 times higher density
to sustain the same SFR, its location is closer to expecta-
tions from the SK. We have checked that the agreement is
even better if we use only data relative to MC complexes
(e.g. Heiderman et al. 2010; Murray 2011).
Dahlia’s ff? = ζsffH2 is similar to the analog values
found by Semenov et al. (2016), who compute such efficiency
using a turbulent eddy approach (Padoan et al. 2012), with
no notion of molecular hydrogen fraction. The difference
is that Dahlia misses the high density gas. Althæa instead
matches both the ff? and the amount of high density gas
found by Semenov et al. (2016). Also, its Σ˙? − Σ relation
is consistent with Torrey et al. (2017), who use a star for-
mation recipe involving self-gravitating gas with a local SK
H2 dependent relation.
From our simulations it is also possible to perform a cell-
by-cell analysis of the SK relation (Fig. 10). As expected, the
results show the presence of a consistent spread in the lo-
cal efficiency values which, however, has a different origin
for Dahlia and Althæa. While in the former the variation is
mostly due to a different enrichment level affecting H2 abun-
dance (eq. 5), for Althæa the spread is larger because it re-
sults also from the individual evolutionary histories of the
cells.
As noted by Rosdahl et al. (2017), for galaxy simula-
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Figure 10. Schmidt-Kennicutt relation in Dahlia (left panel) and Althæa (right panel) at t? ' 700 Myr (z = 6). The relation is plotted
using the H2 mass weighted PDF of the instantaneous SFR surface density (Σ˙?/M pc−2 Myr−1) versus the total gas surface density
(Σ/M/pc2). On both panels with dashed grey lines we overplot the relation observed from Kennicutt & Evans (2012), i.e. Σ˙? ∝ Σ1.4,
for several normalizations that written inline. Otherwise notation is similar to Fig.s 8 and 7.
tions with a SF model based on SK-like relation (eq. 1), the
resulting ? = 
ff
? /tff depends on how the feedback is im-
plemented. However, here we show that Althæa has a lower
? in spite of the fact that it implements exactly the same
feedback prescription as Dahlia. The latter is qualitatively
similar to a delayed cooling scheme used by Rosdahl et al.
(2017) and others (Stinson et al. 2006; Teyssier et al. 2013).
The lower efficiency ? is a consequence of chemistry. As
under non-equilibrium conditions the gas must be denser
to form H2, the ISM becomes more clumpy (Fig. 6). These
clumps can form massive clusters of OB stars which, acting
coherently, yield stronger feedback and may disrupt com-
pletely the star forming site.
4.2 Far and mid infrared emission
A meaningful way to compare the two galaxies is to predict
their C II and H2 line emission, that can be observable at
high-z with ALMA, and possibly with SPICA (Spinoglio
& et al. 2017; Egami & et al. 2017, in preparation), re-
spectively. Similarly to P17, we use a modified version of
the [C II] emission model from Vallini et al. (2015, here-
after V15). Such model is based on temperature, density and
metallicity grids built using cloudy (Ferland et al. 2013),
as detailed in App. B. In Fig. 11 we plot the [C II] 157.74µm
and H2 17.03µm surface brightness maps (S/(L kpc−2));
the field of view is the same as in Fig. 5.
4.2.1 Far infrared emission
Let us analyze first the C II emission. Dahlia has a
[C II] luminosity of log(LCII/L) ' 7.5 which is about
7 times smaller than Althæa, i.e. log(LCII/L) ' 8.3.
Fig. 11 shows that the surface brightness morphology in
the two galaxies is similar. Dahlia’s emission is concen-
trated in the disk, featuring and average surface bright-
ness of log〈S[CII]/(L kpc−2)〉 ' 6.4 with peaks up to
log(S[CII]/(L kpc
−2)) ' 7.4 along the spiral arms. The
analogous values for Althæa are 7.3 and 8.7, respectively.
This can be explained as follows. FIR emission from
the warm (' 104K), low density ( <∼ 0.1 cm−3) component
of the ISM is suppressed at high-z by the CMB (Gong
et al. 2012; da Cunha et al. 2013; Pallottini et al. 2015;
V15; App. B), as the upper levels of the [C II] transition
cannot be efficiently populated through collisions and the
spin temperature of the transition approaches the CMB one
(see Pallottini et al. 2015, for possibility of [C II] detection
from low density gas via CMB distortions). Thus, ' 95%
of the [C II] emission comes from dense ( >∼ 10 cm−3, cold
(' 100 K), mostly molecular disk gas. As noted in V15 (see
in particular their Fig. 4) even when the CMB effect is ne-
glected, the diffuse gas ( <∼ 0.1 cm−3) account only for <∼ 5%
of the emission for galaxies with SFR ∼ 100M yr−1 and
Z ∼ Z, while it can be important in smaller objects (Olsen
et al. 2015). The emissivity (in L/M) of such gas can be
written as in P17 (in eq. 8, see also Vallini et al. 2013, 2017;
Goicoechea et al. 2015):
[CII] ' 0.1
( n
102cm−3
)( Z
Z
)
. (10)
for n <∼ 103cm−3, i.e. the critical density for [C II] emis-
sion19. As the metallicity in the disk of the two galaxies
is roughly similar (〈Z〉 ' 0.5 Z, see Tab. 1), difference in
19 As the suppression of the CMB affects only the diffuse com-
ponent ( <∼ 0.1 cm−3), no significant difference is expected in the
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Figure 11. Synthetic emission maps16 of the simulated galaxies Dahlia (left panels) and Althæa (right panels) at age t? ' 700 Myr
(z = 6). Integrated surface brightness of [C II] (S[CII]/(L kpc−2)) and H2 (SH2/(L kpc−2)) are shown in the upper and lower panels,
respectively. The field of view is the same as in Fig. 5.
the luminosities is entirely explained by the larger density
in Althæa. We stress once again that such density varia-
tion is a result of a more precise, non-equilibrium chemical
network requiring to reach much higher densities before the
gas is converted to stars. It is precisely that dense gas that
accounts for a larger FIR line emissivity from PDRs.
We can also compare the calculated synthetic
[C II] emission vs. SFR with observations (Fig. 12) obtained
for dwarf galaxies (De Looze et al. 2014), and available
high-z detections or upper-limits. The [C II] emission from
Dahlia is lower than expected based on the local [C II]-SFR
relation; its luminosity is also well below all upper limits
for high-z galaxies. Although Althæa is ' 10 times more
luminous, even this object lies below the local relation, al-
emissivity from the disks of the two galaxies (eq. 10), that is
composed of much higher ( >∼ 20 cm−3) density material.
beit only by 1.3σ. We believe that the reduced luminosity
is caused by the combined effects of the CMB suppression
and relatively lower Z. Note, however, that the predicted
luminosity exceeds the upper limits derived for LAEs (e.g.
Ouchi et al. 2013; Ota et al. 2014), but is broadly consistent
with that of the handful of LBGs so far detected, like e.g.
the four galaxies in the Pentericci et al. (2016). In general,
observations are still rather sparse, with few [C II] detec-
tions with SFR comparable to Althæa (e.g. Capak et al.
2015). Also unclear is the amplitude of the scattering of the
relation for high-z objects compared with local ones. Im-
provements in the understanding of the ISM structure are
expected from deeper observations and/or other ions (e.g.
[O III] Inoue et al. 2016; Carniani et al. 2017). Also help-
ful would be a larger catalogue of simulated galaxies (cfr.
Ceverino et al. 2017), to control environmental effects.
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Figure 12. The [C II]-SFR relation. Shown are Althæa (orange
star) and Dahlia (black) at 700 Myr or z = 6; the errors refers
to r.m.s. variation in the last 50 Myr. Lines refer to results from
the V15 model: constant metallicity models with Z = Z (solid
black), Z = 0.2 Z (solid orange), Z = 0.05 Z (pink dashed),
and a model with mean 〈Z/Z〉 = 0.05 + density-metallicity re-
lation extracted from cosmological simulations (Pallottini et al.
2014b, blue dot-dashed). Data for local dwarf galaxies (De Looze
et al. 2014) are plotted with little circles and the grey hatched re-
gion gives the mean and r.m.s. variation in the sample. For high−z
galaxies, detections (upper-limits) are plotted with filled (empty)
symbols, according to the inset legend. The high−z sample in-
clude individual galaxies as BDF-3299 (Maiolino et al. 2015; Car-
niani et al. 2017), HCM6A (Kanekar et al. 2013), Himiko (Ouchi
et al. 2013; Ota et al. 2014), IOK-1 (Ota et al. 2014), and data
from Capak et al. (2015, z ' 5.5), Willott et al. (2015, z ' 6),
Schaerer et al. (2015, z ' 7), (Pentericci et al. 2016, z ' 7),
Gonza´lez-Lo´pez et al. (2014, z ' 8), and lensed z ' 6.5 galaxies
from Knudsen et al. (2016) and Bradac et al. (2017).
4.2.2 Mid infrared emission
By inspecting the lower panel of Fig. 11 showing the pre-
dicted H2 17.03µm line emission, we come to conclusions
similar to those for the [C II]. Althæa outshines Dahlia by '
15× by delivering a total line luminosity of log(LH2/L) '
6.5. Differently from the [C II] case, also the deviations from
the mean are much more marked in Althæa, as appreciated
from the Figure.
Note that the H2 17.03µm line emissivity is enhanced
in high density, high temperature regions. Indeed, H2 emis-
sion mostly arises from shocked-heated molecular gas, for
which 100 <∼ n/cm−3 <∼ 105 and for 10 <∼ T/K <∼ 3000 (see
App. B).
For Dahlia, the disk density is relatively low, n '
30 cm−3; in addition only 20% of the gas is warm enough
to allow some (H2 ' 0.01 L/M) emission. In practice,
such emission predominantly occurs along the outer spiral
arms of the galaxy where these conditions are met due to
the heating produced by SN explosions. In the denser Al-
thæa disk, the gas emissivity can attain H2 ' 10−3 − 0.01
already at moderate T = 200 K. The brightness peaks are
associated to a few ( <∼ 1%) pockets of thousand-degree gas;
they can be clearly identified in the map. This is particularly
interesting because a galaxy like Althæa might be detectable
at very high-z with SPICA, as suggested by Egami & et al.
(2017, in preparation).
5 CONCLUSIONS
To improve our understanding of high-z galaxies we have
studied the impact of H2 chemistry on their evolution, mor-
phology and observed properties. To this end, we com-
pare two zoom-in galaxy simulations implementing different
chemical modelling. Both simulations start from the cosmo-
logical same initial conditions, and follow the evolution of
a prototypical M? ' 1010M galaxy at z = 6 resolved at
the scale of giant molecular clouds (30 pc). Stars are formed
according to a H2 dependent Schmidt-Kennicutt relation.
We also account for winds from massive stars, SN explo-
sions and radiation pressure in a stellar age/metallicity de-
pendent fashion (see Sec. 2.1). The first galaxy is named
Dahlia and H2 formation is computed from the Krumholz
et al. (2009) equilibrium model; Althæa instead implements
a non-equilibrium chemistry network, following Bovino et al.
(2016). The key results can be summarized as follows:
(a) The star formation rate of the two galaxies is similar,
and increases with time reaching values close to 100 M yr−1
at z = 6 (see Fig. 2). However, Dahlia forms stars at a rate
that is on average 1.5±0.6 times larger than Althæa; it also
shows a less prominent burst structure.
(b) Both galaxies at z = 6 have a SFR-stellar mass relation
compatible with Jiang et al. (2016) observations (Fig. 3).
Moreover, they both show a continuous time evolution from
specific SFR of sSFR ' 40 Gyr−1 to 5 Gyr−1. This is under-
stood as an effect of the progressively increasing impact of
stellar feedback hindering subsequent star formation events.
(c) The non-equilibrium chemical model implemented in
Althæa determines the atomic to molecular hydrogen tran-
sition to occur at densities exceeding 300 cm−3, i.e. about
10 times larges that predicted by equilibrium model used
for Dahlia (Fig. 1). As a result, Althæa features a more
clumpy and fragmented morphology (Fig. 6). This configu-
ration makes SN feedback more effective, as noted in point
(a) above (Fig. 4).
(d) Because of the lower density and weaker feedback,
Dahlia sits 3σ away from the Schmidt-Kennicutt relation;
Althæa, instead nicely agrees with observations (Fig. 9).
Note that although the SF efficiency is similar in the two
galaxies and consistent with other simulations (Semenov
et al. 2016), Dahlia is off the relation because of insufficient
molecular gas content (Fig. 8).
(e) We confirm that most of the emission from the C II and
H2 is due to the dense gas forming the disk of the two
galaxies. Because of Dahlia’s lower average density, Althæa
outshines Dahlia by a factor of 7 (15) in [C II] 157.74µm
(H2 17.03µm) line emission (Fig. 11). Yet, Althæa has a 10
times lower [C II] luminosity than expected from the locally
observed [C II]-SFR relation (Fig. 12). Whether this relation
does not apply at high-z or the line luminosity is reduced by
CMB and metallicity effects remains as an open questions
which can be investigated with future deeper observations.
To conclude, both Dahlia and Althæa follow the ob-
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served high-z SFR-M? relation. However, many other ob-
served properties (Schmidt-Kennicutt relation, C II and
H2 emission) are very different. This shows the importance
of accurate, non-equilibrium implementation of chemical
networks in early galaxy numerical studies.
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APPENDIX A: MINKOWSKY FUNCTIONALS
In general, Minkowsky functionals are mathematical tools that
give a complete characterization of the morphology of a IRn 7→ IR
field. In astrophysics they have been proposed as a mean to give a
description of the large scale structure (e.g. Mecke et al. 1994), to
study the topology of H II bubbles for reionization studies (e.g.
Gleser et al. 2006; Yoshiura et al. 2017), and (for n = 2 fields)
analyze CMB anisotropies and non-gaussianity (e.g. Schmalzing
& Gorski 1998; Novikov et al. 2000).
A formal definition can be given following Schmalzing &
Buchert (1997). Let u(x) denote a scalar field defined on a subset
of IR3 with volume V . Let us take u such that it has zero mean
(〈u(x)〉 = 0) and variance 〈u2(x)〉 = σ. Then we can define the
excursion set Fν(x) as the ensemble of regions in V satisfying
u(x) > νσ. Then, the Minkowsky functionals can be defined in
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terms of volume (d3x) and surface (d2x) integrals as a function
of the threshold ν:
V0(ν) =(V )
−1
∫
V
Θ(u− νσ)d3x (A1a)
V1(ν) =(6V )
−1
∫
∂Fν
d2x (A1b)
V2(ν) =(6piV )
−1
∫
∂Fν
(κ1 + κ2)d
2x (A1c)
V3(ν) =(4piV )
−1
∫
∂Fν
κ1κ2d
2x, (A1d)
where Θ is the Heaviside function, ∂Fν(x) the surface beading
the excursion set Fν , and κ1(x) and κ2(x) the two principal cur-
vatures of the surface. In practical terms, V0 is a measure of the
volume filling factor of the excursion set with threshold ν, V1 of
the surface, V2 of the mean curvature (sphericity/concavity) and
V3 of the Euler characteristic (shape of components).
The curvatures on the surface ∂Fν can be expressed via the
Koenderink invariant (Gleser et al. 2006, see appendix A and
reference therein): by adopting the Einstein sum convention we
can write
κ1 + κ2 =
ijklmnδkn(∂iu)(∂j∂lu)(∂mu)/N
3/2
t (A2a)
2κ1κ2 =
ijklmn(∂iu)(∂lu)(∂j∂mu)(∂k∂nu)/N
2
t (A2b)
Nt =(∂pu)(∂
pu) , (A2c)
where ijk is the Levi-Civita symbol, δij is the Kronecker delta,
and ∂i is the i-th component of the partial derivative operator.
Finally, eq.s A1 can be suitably expressed as integral over the
volume by using the following relation∫
∂Fν
d2x =
∫
V
δ(u− νσ)N1/2t d3x , (A3)
where δ is the Dirac delta.
As an illustrative example, we can compute the Minkowsky
functionals for a zero-mean Gaussian random field u ≡ log ∆ with
variance σ2 = 〈log ∆2〉 and variance of the tangent field σ2t =
〈(∂p log ∆)(∂p log ∆)〉. For such Gaussian field, the Minkowsky
functionals can be expressed using the following analytical ex-
pression (Schmalzing & Buchert 1997, see also Gleser et al. 2006)
V0 =1/2− c0
∫ ν
0
exp(−x2/2)dx (A4a)
V1 =c1λ exp(−ν2/2) (A4b)
V2 =c2λ
2ν exp(−ν2/2) (A4c)
V3 =c3λ
3(ν2 − 1) exp(−ν2/2) , (A4d)
where ν = log ∆/σ, λ = (6pi)−1/2σt/σ, and ci are numeri-
cal constant with values c0 = c3 = (2pi)−1/2 and c1 = c2 =
2/(3(2pi)1/2).
We numerically compute the Minkowsky functionals for th
e log ∆ field with σ = 1 on a 2563 unigrid box with vol-
ume (10 Mpc)3, that thus result in a tangent field variance of
σt ' 5.6/kpc. The resulting Minkowsky functionals are plotted
in Fig. A1. We find a very good match with the analytical values.
Since the chosen log ∆ Gaussian field is an approximation
to the quasi-linear regime of the cosmic density field (e.g. Coles
& Jones 1991; Choudhury et al. 2001), it is intuitive to analyze
the properties of its Minkowsky functionals. In Fig. A1 the filling
factor V0 gives the probability of finding regions with increasing
overdensity ∆; note that at ∆ = 1 (mean density), V0 = 0.5,
i.e. it is equiprobable to find voids (log ∆ <∼ − 1) and overdense
regions (log ∆ >∼ 1). Both voids and overdense regions are isolated
V3(
>∼ 1) = V3( <∼ −1) > 0 and have a smaller area with respect to
mean density regions (V1(
>∼ 1) = V1( <∼ − 1) <∼ V1(0)). However,
while overdensities have spherical shapes V2(
>∼ 1) > 0, voids are
concave regions (V2(
>∼ 1) < 0): both voids and overdense regions
are delimited by connected (V2(' 0) < 0) mean density regions,
Figure A1. Example of Minkowsky functionals calculated for
the zero-mean Gaussian random field log ∆. The functionals are
plotted with a with a orange line and transparent region and are
normalized by Vi/λ
i, with λ = (6pi)−1/2σt/σ, where σ = 1 is
the field variance and σt ' 5.6/kpc is the variance of the tangent
field. Analytical expected values for the functionals (eq.s A4a) are
plotted with red crosses. To guide the eye, log ∆ = 0 is marked
with a dotted vertical black line, and both V2 = 0 and V3 = 0 are
highlighted with dashed horizontal lines.
that are almost flat (V2(' 0) ' 0) and have very large surface
areas.
APPENDIX B: EMISSION FROM C II AND H2.
To compute the emission from C II ions and H2 molecules, we
post-process the simulation outputs using the photoionization
code cloudy (Ferland et al. 2013), similarly to what done in
V15 and P17. We consider a grid of models based on the density
(n), temperature (T ) and metallicity (Z) of the gas in our simula-
tion. We produce a total of 103 models, that are parameterized as
a function of the column density (N). For each model we adopt a
plane-parallel geometry and assume a dust content proportional
to the metallicity.
The radiation field includes the CMB background and an
interstellar radiation field produced by stars, that is obtained
by rescaling the Milky Way spectrum (Black 1987) using the
main galaxy (Dahlia or Althæa) SFR. At z = 6 Dahlia has
a star formation rate SFR = 156 M yr−1 and Althæa has
SFR = 136 M yr−1, where the uncertainty is the r.m.s. in the
last 50 Myr (Sec. 3.1, in particular see Fig. 2). For modelling con-
venience, in the cloudy calculation we set SFR = 100 M yr−1.
Note that a larger value for the rescaling does not yield a large
variation of the expected [C II] in molecular gas (Vallini et al.
2017, with G = G0 SFR/M yr−1), and H2 emission is rela-
tively unaffected by the field, as the excitation is mostly due to
shocks (e.g. Black & Dalgarno 1976; Ciardi & Ferrara 2001).
As noted in Sec. 2.3, accounting for the UVB is not relevant
for the ionization state of the gas in the proximity of galaxies
(Gnedin 2010). Thus, in our cloudy models we consider that the
gas is shielded by a column density of N ' 1020cm−2.
Regarding the [C II] we underline that the effect of CMB
suppression of [C II] is included in the V15 model (da Cunha
et al. 2013; Pallottini et al. 2015, see also). Such effect suppress
the emission where the spin temperature of the [C II] transi-
tion is close to the CMB one. This is relevant for low density
(n <∼ 10−1 cm−3) medium, that does not have enough collisions
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to decouple from the CMB. Here we do not account for the photo-
evaporation effect on MC, that has an important impact on FIR
emission (Vallini et al. 2017), particularly when including a spa-
tially varying FUV field, not included in the present modelling.
Even though in the present paper we only show the H2 line at
λ = 17.04µm (Sec. 4, in particular see Fig. 11), we used cloudy
to compute the emission of the following H2 roto-vibrational lines:
0-0 S(0), 0-0 S(1), 0-0 S(5), and 1-0 S(1), that correspond to tran-
sition of wavelength λ/µm = 2.12, 6.91, 9.66, 17.04, and 28.22,
respectively (see Spinoglio & et al. 2017; Egami & et al. 2017, in
preparation).
For the considered five transitions, the oscillator strength is
a decreasing function of λ (e.g. Turner et al. 1977), going from
' 3 × 10−7 s−1 for λ = 2.12µm to ' 3 × 10−11 s−1 for λ =
28.22µm. On the other hand, both the excitation temperature
(Timmermann et al. 1996) and the critical density for collisional
excitation (Roussel et al. 2007) decrease for decreasing λ (see
also Black & Dalgarno 1976), e.g. for λ = 2.12µm we have an
excitation temperature Tex ' 6 × 104K and a critical density
ncr ' 104cm−3, while for λ = 28.22µm we have Tex ' 5× 103K
and ncr ' 5 cm−3. In the simulations the bulk of the H2 gas
have 〈T 〉 ∼ 102K and density in the range 102 <∼ n/cm−3 <∼ 103
(see Fig. 8); thus in both Dahlia and Althæa the most favoured
H2 transition is the λ = 17.03µm, followed by the 28.21µm line.
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